The coupling of autophagy and endoplasmic reticulum (ER) stress has been implicated in a variety of biological processes; however, little is known regarding the involvement of the autophagy/ER stress pathway in early embryogenesis or the underlying mechanism(s). Here, we showed that the developmental competence of in vitro-produced (IVP) bovine embryos was highly dependent on the autophagy/ER stress balance. Although relative abundances of autophagy-associated gene transcripts, including LC3, Atg5, and Atg7 transcripts, were high in oocytes and throughout the early stages of preattachment development, extensive autophagosome formation was only detected in fertilized embryos. Using an inducer and inhibitor of autophagy, we showed that transient elevation of autophagic activity during early preattachment development greatly increased the blastocyst development rate, trophectoderm cell numbers, and blastomere survival; these same parameters were reduced by both inhibition and prolonged induction of autophagy. Interestingly, the induction of autophagy reduced ER stress and associated damage, while the developmental defects in autophagy-inhibited embryos were significantly alleviated by ER stress inhibitor treatment, indicating that autophagy is a negative regulator of ER stress in early embryos. Collectively, these results suggest that early embryogenesis of IVP bovine embryos depends on an appropriate balance between autophagy and ER stress. These findings may increase our understanding of important early developmental events by providing compelling evidence concerning the tight association between autophagy and ER stress, and may contribute to the development of strategies for the production of IVP bovine blastocysts with high developmental competence.
INTRODUCTION
Many studies have been performed with the aim of improving the developmental ability of in vitro-produced (IVP) embryos, which include the modification of culture conditions, medium composition, and supplements [1] [2] [3] . Indeed, the addition of numerous supplements, such as growth factors and macromolecules, to in vitro cultures (IVCs) has improved the early embryogenesis of IVP embryos [4] [5] [6] . Nevertheless, the quality of IVP embryos is still not comparable to that of in vivo embryos. Recent evidence indicates that in vitro conditions cause a variety of stressors [2, 7] , which ultimately reduce the developmental competence of IVP embryos [8] . However, stress-associated developmental events and the effects of stress-modulating agents on the early development of domestic animal embryos have not been extensively studied.
The endoplasmic reticulum (ER) in eukaryotic cells is an organelle in which proteins undergo structural modifications that are essential for protein function. The initiation of secretory protein biosynthesis and folding and refolding of nascent polypeptides occurs in the ER. However, the accumulation of unfolded or misfolded proteins in the ER lumen triggers ER stress [9] , which leads to the activation of three pathways through upregulation of genes that affect cell fate [7] . The first two pathways reduce protein flow into the ER as a transient adaptation, while the third pathway is associated with apoptosis [8] . Prolonged ER stress can trigger cumulative cellular damage, carcinogenesis, and the development of degenerative neurological diseases [10, 11] . Under conditions of ER stress, inositol-requiring enzyme-1a, acting as an endoribonuclease, cleaves a 26-bp segment from unspliced X-box protein 1 (uXBP-1), creating a spliced mRNA (sXBP-1) whose translation yields an active form of the transcription factor. Thus, sXBP-1 levels are widely used to monitor ER stress, both in vivo and in vitro [12] . Indeed, sXBP-1 levels are greatly reduced by ER stress inhibitors such as tauroursodeoxycholate (TUDCA) [13] . Recently, it was reported that reducing ER stress improves the early development of cloned bovine embryos by suppressing ER stress-mediated blastomere apoptosis [14] , suggesting that ER stress is an important event in the early development of domestic IVP embryos. However, the precise role and mechanisms of ER stress regulation in early embryogenesis remain largely unknown.
Autophagy is known to be a prosurvival pathway activated by certain stressors, such as nutrient depletion, starvation, and hypoxia [10] . To provide energy to cells under these conditions, autophagy contributes to the recycling of old proteins and organelles through sequestration and degradation within autophagosomes and autolysosomes, respectively. Mammalian target of rapamycin (mTOR), a downstream effector of phosphatidylinositol 3-kinase (PI3K)/protein kinase B (Akt) signaling, is known as a representative antiautophagy protein. The suppression of mTOR by specific inhibitors including rapamycin, induces autophagy. During autophagy, a cytosolic form of LC3 (LC3-I) is conjugated to phosphatidylethanolamine to form an LC3-phosphatidylehthanolamine conjugate (LC3-II), which is recruited to autophagosomal membranes [11] . For this reason, the amount of LC3-II correlates well with the number of autophagosomes [15] . Thus, the characteristic conversion of LC3 can be used to monitor autophagic activity. Interestingly, autophagy can be induced in response to ER stress through upregulation of autophagic genes, including Atg5 and Atg7 [16] , and activation of mTOR-inhibitory pathways [16] [17] [18] . ER stress-induced autophagy actively participates in reducing ER stress by degrading unfolded or misfolded proteins [19] or blocking apoptosis [20] , which provides a cellular protective mechanism against protein aggregate-mediated stress [16, 21] . Thus, autophagy is often considered a negative regulator of ER stress. In mammalian embryos, autophagy and ER stress also serve as important developmental events. Atg5-deficient mouse embryos die during preattachment development [17] , while TUDCA-induced reductions in ER stress enhance the developmental competence of cloned bovine embryos [14] . Although the importance of studies concerning the mechanistic link between ER stress and autophagy is increasing, the relationship between autophagy and ER stress in the early development of mammalian embryos has not been addressed.
In the present study, we demonstrate that enhancement of autophagy improves the developmental competence of IVP bovine embryos through suppression of ER stress. Treatment with an autophagy-inducing agent increases the blastocyst development rate, trophectoderm (TE) cell numbers, and blastomere survival, whereas these same parameters are reduced by autophagy inhibitor treatment. Interestingly, the modulation of ER stress in IVP bovine embryos is highly dependent on the autophagic state, while developmental defects in autophagy-inhibited embryos are reversed by ER stress inhibitor treatment. This suggests that there is a close relationship between autophagy and ER stress during early embryogenesis. These findings reveal a novel mechanism governing early bovine embryogenesis and may contribute to the production of high-quality early bovine embryos.
MATERIALS AND METHODS

Chemicals
All the chemicals were purchased from Sigma Chemical Co. unless otherwise indicated.
In Vitro Maturation and In Vitro Fertilization
Bovine ovaries were obtained from a local slaughterhouse and transported to the laboratory in 0.9% saline at 258C-308C. Cumulus-oocyte complexes (COCs) were aspirated from follicles (2-6 mm in diameter) using a disposable 10-mL syringe with an 18-gauge needle. Aspirated COCs with at least three layers of compact cumulus cells and homogeneous cytoplasm were washed three times in TL-HEPES (1 mg/ml bovine serum albumin [BSA] in low carbonate TALP medium) [22] .Ten oocytes were matured in 50 ll in vitro maturation (IVM) medium in a 60-mm culture dish (Nunc) under mineral oil for 20-22 h at 38.58C in a humidified atmosphere containing 5% CO 2 and 20% O 2 . IVM medium consisted of TCM-199 (Invitrogen) supplemented with 10% (v/v) fetal bovine serum, 10 international units [IU]/ml equine chorionic gonadotropin, 10 IU/ml human chorionic gonadotropin, 10 ng/ml epidermal growth factor, 0.6 mM cysteine, 0.2 mM sodium pyruvate, and 1 lg/ml estradiol-17b. Following IVM, 15 oocytes were fertilized using freeze-thawed sperm at a concentration of 2 3 10 6 cells/ml in 50 ll fertilization medium (2 mM CaCl 2 , 3.2 mM KCl, 0.5 mM MgCl 2 , 0.4 mM NaH 2 PO 4 , 11.0 mM sodium lactate, 114 mM NaCl, 25 mM NaHCO 3 , 0.2 mM sodium pyruvate, and 0.6% BSA). Together with sperm, 2 lg/ml heparin, 20 lM penicillamine, 10 lM hypotaurine, and 1 lM epinephrine were also added to the fertilization drops. After 18 h, cumulus cells attached on presumed zygotes were stripped by gentle pipetting and transferred to CR1-aa medium (114.6 mM NaCl, 3.08 mM KCl, 26.18 mM NaHCO 3 , 2.52 mM sodium lactate, 0.55 mg/ml L-lactate, 0.4 mM sodium pyruvate, 100 lg/ml penicillamine, 100 lg/ml streptomycin, 20.52 ll/ ml BME amino acid solution [Invitrogen], 10 ll/ml MEM non-amino acid solution [Invitrogen] , and 1.5 mg/ml L-glutamine) containing 0.3% BSA for IVC. Animal care and all the experiments were conducted in accordance with the Korea Research Institute of Bioscience and Biotechnology Guidelines for the Care and Use of Laboratory Animals. Approximately 50 presumed zygotes per treatment group were cultured and subjected to scoring for cleavage and blastocyst development rates.
Chemical Treatment
To modulate the autophagy pathway, the presumed zygotes were cultured in IVC medium for 3 days in the presence or absence of rapamycin (1, 10, and 100 nM) or 3-methyladenine (3-MA; 0.02, 0.2, and 2 mM) (Calbiochem), autophagy-inducing and autophagy-inhibitory agents, respectively, and subsequently incubated in the growth medium without the agents for an additional 4 days. In addition, TUDCA (50 lM), an ER stress inhibitor, was supplemented throughout IVC. The chemicals were provided as lyophilized powders and dissolved in dimethyl sulfoxide (rapamycin and TUDCA) or distilled water (3-MA) to give stock solutions. The respective diluents were used as a negative control in each experiment.
Immunosurgery and Differential Staining of Blastocysts
Immunosurgery and differential staining of inner cell mass (ICM) and TE cells in blastocysts were carried out as described previously [23] . Briefly, the zona pellucida was removed from blastocysts by treatment with 0.5% pronase solution. After rinsing with phosphate-buffered saline (PBS; Invitrogen) containing 1 mg/ml polyvinyl alcohol (PBS-PVA), the zona pellucida-free blastocysts were exposed to a 1:5 dilution of rabbit anti-bovine whole serum for 40 min, followed by three washes with PBS-PVA medium. Blastocysts were then incubated in a 1:10 dilution of guinea-pig complement (Calbiochem) containing 10 lg/ml propidium iodide (PI) and 10 lg/ml Hoechst 33342 for 40 min. After a brief wash with PBS-PVA, the blastocysts were mounted on glass slides, covered with coverslips, and observed under a fluorescence microscope (Olympus). Blue and red fluorescence indicated ICM and TE cells, respectively. Approximately four blastocysts per treatment group were used for immunosurgery in each independent experiment.
TUNEL Assay
The terminal deoxynucleotidyl transferase-mediated dUTP-digoxygenin nick end-labeling (TUNEL) assay was performed using the In Situ Cell Death Detection Kit (Roche). Blastocysts were recovered after 7 days of IVC, washed four times in PBS containing 3 mg/ml PVA, and fixed in 3.7% (w/v) paraformaldehyde in PBS overnight at 48C. Fixed embryos were permeabilized in PBS containing 0.5% (v/v) Triton X-100 at room temperature for 30 min. Nonspecific binding sites were blocked by incubation with PBS containing 10 mg/ml BSA for 4 h. Subsequently, the embryos were washed four times in PBS-PVA and stained with fluorescein-conjugated dUTP and terminal deoxynucleotidyl transferase for 1 h at 38.58C. As a positive control for the TUNEL reaction, a group of embryos was incubated in 1000 U/ml deoxyribonuclease at 38.58C for 10 min, followed by TUNEL staining. Another group of embryos was incubated in fluorescein-dUTP in the absence of terminal deoxynucleotidyl transferase as a negative control. Subsequently, the embryos were washed four times in PBS-PVA and mounted on slides with mounting solution containing 1.5 lg/ml 4 0 ,6-diamidino-2-phenylindole (DAPI; Vector Laboratories). DAPI-labeled or TUNEL-positive nuclei were observed under a fluorescence microscope. Approximately four blastocysts per treatment group were used in the TUNEL assays in each independent experiment. SONG ET AL.
Immunocytochemistry
Ten oocytes or embryos were fixed in 4% formaldehyde in PBS for 1 h at 48C, washed for 30 min in PBS containing 0.05% Tween 20 (PBST) and then permeabilized for 1 h at room temperature in PBS-PVA containing 1% Triton X-100. The embryos were incubated in PBST containing 2% BSA at room temperature for 3 h and treated with LC3-I/II antibody (1:300; Cell Signaling Technology) at 48C overnight. After washing for 1 h, the samples were incubated with Alexa 488-conjugated anti-rabbit IgG for 30 min and then washed with PBS-PVA for 1 h. Samples were mounted on slides with mounting solution containing 1.5 lg/ml DAPI and observed under a fluorescence microscope.
Semiquantitative and Real-Time Quantitative RT-PCR
After removal of cumulus cells by brief exposure to 0.1 mg/ml hyaluronidase in PBS-PVA medium, poly (A) mRNAs were extracted from 10 oocytes or embryos using a Dynabeads mRNA Direct KIT (Invitrogen) according to the manufacturer's protocol. Briefly, after thawing, the samples were lysed in 300 ll lysis/binding buffer (Invitrogen) at room temperature for 10 min, and 10 ll Dynabeads oligo (dT) 25 were added to each sample. The beads were hybridized for 5 min and were then separated from the binding buffer using a Dynal magnetic bar. Bound poly (A) mRNAs and beads were washed in buffers A and B (Invitrogen), and were then separated by the addition of 10 ll Tris buffer. The resulting poly (A) mRNAs were reversetranscribed in a total volume of 20 ll containing 500 lg/ml oligo (dT) primers, 10 3 RT buffer, 20 IU RNase inhibitor, 200 U SuperScript II Reverse Transcriptase (all from Invitrogen), 15 mM MgCl 2 , and 1 ll dNTP mix (10 mM each). Secondary RNA structure was denatured at 658C for 5 min, followed by incubations at room temperature for 10 min and at 428C for 60 min to facilitate cDNA production. The reaction was terminated by incubation at 708C for 15 min. The resulting cDNA was used as a template for PCR amplification. PCR conditions are: 958C for 45 sec, 608C for 1 min, and 728C for 1min, followed by an extension at 728C for 5min. A program temperature control system (Astec) was used for semiquantitative PCR (semi-qPCR), and Rotor-Gene (Qiagen) and Sybr Green PCR Core reagents (Qiagen) were used for qPCR. The histone H2a transcript level was used as an internal standard for each group. Bovine primers were designed using the Primer3 program (http:// bioinfo.ebc.ee/mprimer3), and the sequence information is listed in Supplemental Table S1 (all the supplemental data are available online at www. biolreprod.org). Amplification efficiencies and correlation coefficients for the genes were generated using the slopes of the standard curves obtained by serial dilution. Standard curves for a 10-fold dilution series were used to calculate amplification efficiency. The efficiency range for the real-time RT-PCR amplification of all the tested genes was 81.5%-106.6%.
Western Blot Analysis
Thirty embryos in each group were washed twice with PBS and lysed in 20 ll lysis buffer (200 mM Tris-HCl, pH 6.8, 40% glycerol, 4% sodium dodecyl sulfate [SDS], 14.4 mM 2-mercaptoethanol, and 0.04% bromophenol blue) and subsequently boiled at 1008C for 5 min. The protein samples were separated on a 10% SDS polyacrylamide gel electrophoresis gel (JUNSEI) and transferred to a nitrocellulose membrane (Millipore). The membrane was blocked in Trisbuffered saline containing 0.25% Tween 20 (TBST) and 1.5% BSA for 1 h, rinsed in TBST, and probed with an anti-LC3-I/II polyclonal antibody (1:1000; Cell Signaling Technology) at 48C overnight. The blot was washed with TBST and subsequently incubated with horseradish peroxidase-conjugated goat antirabbit or goat anti-mouse IgG antibodies (1:5000, Jackson ImmunoResearch Laboratories). The membranes were visualized using enhanced chemiluminescence detection reagent (ELPIS Biotech) according to the manufacturer's instruction.
Statistical Analysis
All the experiments were repeated at least three times, and the data are presented as the mean 6 standard error (SEM). Data were analyzed using ANOVA followed by a Duncan multiple range test, using SigmaStat software (SPSS Inc.). P values less than 0.05 were considered statistically significant.
RESULTS
Induction of Autophagy Improves the Early Development of Bovine Embryos
Recently, the essential role of autophagy in embryonic development was suggested by data from Atg5-null mouse embryos. To determine whether autophagy is involved in the early development of IVP bovine embryos, we analyzed the relative abundances of autophagy-related genes transcripts, including LC3, Atg5, and Atg7 transcripts, by qPCR. Most autophagy-related transcripts were detected in oocytes and early-stage preattachment embryos, whereas they were rare or absent in the embryos of late preattachment stages (Fig. 1A) . To investigate when autophagy actually occurs, conversion of LC3-I to LC3-II, the best indicator of autophagy induction, was measured in MII oocytes and 2-cell embryos by Western blots using an anti-LC3-I/II antibody. LC3-II levels were greatly increased in 2-cell embryos as compared with MII oocytes (Fig. 1B) . Consistent with this result, dot-type LC3 immunoreactivity, a sign of autophagosome formation, was more 
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frequent and intense in 2-cell embryos as compared MII oocytes (Fig. 1C) , indicating an increased number of autophagosomes.
To define the role of autophagy in early embryonic development, bovine presumed zygotes were cultured in the presence or absence of the autophagy inducer rapamycin or the autophagy inhibitor 3-MA for the first 3 days of IVC. The addition of 3-MA aggravates early embryogenesis (data not shown), whereas the addition of rapamycin significantly improved blastocyst development in a dose-dependent manner except at 1 nM (Fig. 2, A and B) . Both Western blots and immunocytochemistry using an anti-LC3-I/II antibody were used to determine the effects of rapamycin on autophagy. LC3-II levels and dot-type LC3 immunoreactivity (Fig. 2, C and D) were greatly increased by the treatment of 2-cell embryos with rapamycin (compared to controls), indicating the successful activation of autophagy by rapamycin.
Induction of Autophagy Improves Blastomere Survival and Increases TE Cell Numbers
IVP blastocysts are often defective in numerous qualitative parameters, including the proportion of TE cells and blastomere viability. To determine TE cell and apoptotic blastomere numbers, bovine presumed zygotes were cultured in the presence or absence of rapamycin for the first 3 days of IVC, and the blastocysts that developed were subjected to differential staining and TUNEL analysis. Compared to controls, the total number of blastomeres was increased by 1 and 10 nM rapamycin, but not by 100 nM rapamycin, and ICM and TE cell numbers were significantly increased by 1 and 10 nM rapamycin, respectively. The ICM ratio was markedly reduced only by 10 nM rapamycin (Fig. 3, A and B) . Consistent with this, apoptosis was greatly reduced in blastomeres treated only with 10 nM rapamycin compared to controls (Fig. 3, C and D) .
Induction of Autophagy Reduces ER Stress During the Early Development of IVP Bovine Embryos
Many studies have described the relationship between autophagy and ER stress in mammalian systems. Thus, we first assessed the involvement of ER stress in the preattachment development of IVP bovine embryos by measuring sXBP-1 levels, a representative marker of ER stress. Consistent with previous reports using cloned embryos [14] , supplementation with the ER stress inhibitor TUDCA significantly increased the SONG ET AL. blastocyst development rate (Fig. 4A) . In addition, total blastomere number and survival were increased in blastocysts developed in the presence of TUDCA as compared with control embryos (Fig. 4, B-E) . The effect of TUDCA on the induction of ER stress was shown by a decrease in the level of sXBP-1 (Fig. 4F) .
To investigate the link between autophagy and ER stress, levels of ER stress in early bovine embryos cultured in the presence or absence of rapamycin were determined by semiqPCR. Interestingly, treatment with rapamycin significantly reduced sXBP-1 transcript levels in IVP bovine embryos (Fig.  4G) . Consistent with this result, levels of most ER stressassociated gene transcripts (those encoding ATF6, BI-1, ATF4, and CHOP) were markedly reduced by the addition of rapamycin to the IVC medium (Fig. 4H) .
Reducing ER Stress Can Ameliorate Developmental Defects Resulting from Ablation of Autophagy
To further define the relationship between autophagy and ER stress during early embryogenesis, bovine presumed zygotes were cultured in the presence or absence of 3-MA and/or TUDCA, and blastocyst development rate and ER stress-associated transcript levels were analyzed. Inhibition of autophagy by 3-MA was confirmed through immunocytochemical analysis of LC3-I/II (data not shown). Compared to the control group, the blastocyst development rate was significantly reduced in a dose-dependent manner in embryos treated with 3-MA (Fig. 5, A and B) , suggesting that autophagy plays an essential role during the early embryogenesis of IVP bovine embryos. Semi-qPCR analysis revealed that sXBP-1 transcript levels were significantly increased by treatment with 3-MA and restored to control levels by the addition of TUDCA (Fig. 5C ). Consistent with this result, the low blastocyst development rate in the 3-MA-treatment group was also ameliorated by cotreatment with TUDCA (Fig. 5, D and E) . In addition, the relative abundances of the ER stress-associated ATF6 and BI-1 transcripts in 3-MA-treated embryos were greatly reduced by treatment with TUDCA (Fig. 5F) .
To investigate the effects of combined treatment with 3-MA and TUDCA on blastomere apoptosis and TE cell numbers, differential staining and TUNEL assays were performed using blastocysts cultured in the presence or absence of 3-MA and/or TUDCA. Although the proportion of ICM cells was not significantly altered, the numbers of blastomeres and ICM and TE cells were markedly increased by supplementation of the IVC medium with TUDCA (Fig. 6, A and B) . Moreover, blastomere apoptosis was increased in the 3-MA treatment group, which was significantly reduced by treatment with TUDCA (Fig. 6, C and D) .
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DISCUSSION
Developmental defects are often found in IVP domestic animal embryos [24] . To improve the quality of IVP embryos, many studies have been performed to improve culture conditions by elucidating both developmental events and underlying mechanisms governing early embryogenesis. In the present study, we demonstrated that modulation of the autophagy/ER stress pathway influences the early development of bovine embryos (Fig. 7) . In vitro conditions may cause an increase in ER stress levels relative to autophagic activity in early embryos, which results in decreased developmental competence. Consistent with this, induction of a hypoautophagic state by treatment with 3-MA further aggravates ER stressmediated developmental damages. In contrast, treatment with either rapamycin or TUDCA can induce a hyperautophagic state by reducing the level of ER stress relative to autophagic activity, which ultimately improves developmental competence. Our findings may provide the basis for a strategy for producing high-quality IVP bovine blastocysts and further our understanding of developmental events.
The mTOR forms the catalytic core of at least two functionally distinct complexes, mTOR complex 1 (mTORC1) and mTOR complex 2 (mTORC2). Rapamycin preferentially inhibits mTORC1 by interfering with complex assembly and thereby suppresses mTORC1 downstream targets, including ribosomal S6 protein kinase 1 (S6K1), eukaryotic initiation factor 4E-binding protein 1 (4EBP1), and UNC-51-like kinases (ULKs). In mTORC1-mediated signaling, S6K1 and 4EBP1 are involved in cell proliferation [25] , whereas autophagy is associated with the activation of ULKs [26] . Thus, rapamycin treatment can influence cell proliferation in addition to autophagy. Indeed, rapamycin has been widely used as an 
AUTOPHAGY/ER STRESS IN EARLY EMBRYOGENESIS
anticancer agent because of its proliferation-inhibitory activity. In the current study, however, treatment with rapamycin for the first 3 days of IVC did not influence progression to the 8-or 16-cell stages (Supplemental Table S2 ), whereas numbers of TE cells in blastocysts were greatly increased by cultivation with rapamycin-free IVC medium for an additional 4 days (Fig. 3, A  and B) . In agreement with our data, previous studies have shown that the use of mTORC1 inhibitors in the clinic often activates feedback systems such as extracellular signal-related kinase (ERK) and PI3K/AKT pathways [27, 28] , which ultimately reduces its effectiveness in the treatment of cancer [27] . Consistent with this, we also found that treatment with 10 nM rapamycin for the first 3 days of IVC increased blastocyst mTOR transcript levels compared to controls (data not shown). Although the connection between an increased mTOR transcript level and increased TE proportion in the rapamycin-treatment group was not addressed in the current study, we believe that the positive effect of rapamycin on TE proportion may be closely associated with the feedback mechanism, with reactivation of mTOR signaling or activation of alternative pathways perhaps leading to increased cell proliferation in TE cells.
PI3K inhibitors such as 3-MA, wortmannin, and LY294002 have been extensively used as autophagy inhibitors based on their inhibitory effects on class III PI3K activity, which is essential for the induction of autophagy [29] . However, in addition to class III PI3Ks, all of the PI3K inhibitors also target class I PI3Ks [30, 31] . Thus, the use of PI3K inhibitors can influence a variety of signaling pathways governed by class I PI3Ks. Indeed, LY294002 greatly reduces preimplantation development in mice through deregulation of GSK3/b-catenin signaling. More surprisingly, recent evidence demonstrated that prolonged treatment with 3-MA can promote autophagy under nutrient-rich conditions because of its differential temporal effects on class I and class III PI3Ks [32] . These findings suggest that, although 3-MA has been widely used as an autophagy inhibitor, its use in autophagy studies must be carefully considered. In the present study, however, we found that 3-MA treatment efficiently reduced both LC3 dot numbers (data Autophagy is known to be activated shortly after fertilization [17] . A study using GFP-LC3-transgenic mice showed that the number of GFP-LC3 dots, an indicator of autophagosomes, was greatly increased in fertilized embryos compared to unfertilized oocytes [17] . Consistent with this result, we showed that autophagic indicators, including conversion of LC3-I to LC3-II and dot-like LC3 immunoreactivity, were greatly increased in fertilized bovine embryos. This is the first demonstration of autophagy induction in domestic animal embryos. Taken together with the increase in developmental block at the 4-and 8-cell stages of preattachment development in Atg5-null embryos [17] , the present study confirms the necessity of autophagy for preattachment development. Concerning the role of autophagy in preattachment development, the first possible explanation is that autophagy removes maternally inherited proteins. Indeed, maternal proteins are largely degraded after fertilization, and new proteins are produced from the zygotic genome [21, 22, 24, 25] . Autophagy may be involved in the removal of superfluous maternal proteins that may cause ER stress. It may also be required for protein recycling. Incorporation of [
35 S] methionine into proteins in Atg-5-deficient embryos at the 4-and 8-cell stages is approximately 70% of the level in wild-type embryos, while suppression of protein synthesis in wild-type embryos with cycloheximide also caused developmental block, suggesting impaired protein synthesis or recycling [17] . These findings increase the likelihood that the positive role of autophagy during early preattachment development stems from the acceleration of protein recycling or prompt removal of unnecessary maternal factors. However, we cannot exclude another possibility: that proper zygotic genome activation is closely associated with the early activation of autophagy. Further studies are needed to properly investigate these possible mechanisms.
In the present study, we showed that the point at which rapamycin was applied greatly influenced the early development of IVP bovine embryos. Treatment with rapamycin for the first 3 days of IVC increased the blastocyst development rate, TE cell numbers, and blastomere survival (Figs. 13) , whereas these parameters were reduced by long-term treatment with rapamycin ( Supplemental Fig. S1 ). Treatment with rapamycin for the last 4 days of IVC showed that low-dose rapamycin was only advantageous during late preattachment development (Supplemental Fig. S2) . Interestingly, the time period during which rapamycin was effective correlated with embryonic stages with high relative abundance of autophagyassociated gene transcripts (Fig. 1A) . Consistent with these results, a recent study using GFP-LC3-transgenic mouse embryos showed that autophagy declined rapidly after the 4-cell stage [33] . These results indicate that high autophagic activity is essential during early preattachment development of IVP bovine embryos.
There are many differences between in vitro and in vivo conditions for the preattachment development of mammalian embryos, include O 2 pressure, reactive oxygen species (ROS) levels, and stress defense mechanisms. In the present study, IVP bovine embryos were cultured in an atmosphere containing 20% O 2 , a condition that is known to cause more cellular oxidative stress than in vivo condition (5% O 2 ). In addition, cytoplasmic maturity after IVM may be poor compared to that of oocytes matured in vivo, which may cause defects in the stress defense mechanism. In line with these observations, many studies have shown that IVP embryos are exposed to numerous stressors such as oxidative overload and metabolic alterations [26, 27] . Because of this, stressreducing agents and supplements have been extensively used to improve the developmental competence of early mammalian embryos and have increased our understanding of important developmental events. Indeed, addition of glutathione reduces ROS levels in IVP embryos and improves blastomere survival [34] . Nevertheless, IVP embryos still suffer from the effects of stressors under in vitro conditions. Among them, ER stress was recently reported to occur during early embryogenesis [8] . As has been shown in a variety of pathological conditions, including carcinogenesis and degenerative diseases, TUDCA was also effective at alleviating ER stress in bovine embryos, ultimately resulting in improvements in developmental competence [14] . This indicates that ER stress is an obstacle of early embryogenesis. Interestingly, the current study showed that ER stress and associated developmental damage were tightly linked to autophagic activity. Based on the notion that obsolete maternal factors in early embryos are efficiently removed by autophagy, we propose that ER stress may derive from maternally inherited stores. Similarly, in vitro conditions may increase oxidative damage to proteins originating from the maternal store, leading to the elevation of ER stress. Oxidative overload and ER stress have been shown to be associated in several pathological conditions, including cancers [35] . In addition, there is much evidence that the regulation of autophagy is also highly sensitive to redox status. Thus, the FIG. 7. Hypothetical model for involvement of the autophagy/ER stress pathway in early embryogenesis. In early bovine embryos, autophagy is activated after fertilization and participates in the reduction of ER stress, which causes developmental defects, including reductions in blastocyst development, TE proportion, and blastomere survival. In IVP embryos, autophagic activity is insufficient to completely eliminate ER stress. As a result, the embryos display ER stress-mediated developmental defects. The embryonic damage caused by ER stress is exacerbated by ablation of autophagic activity through the treatment with 3-MA. Lack of autophagic activity impairs early embryogenesis because of the failure to eliminate ER stress. In contrast, supplementation with rapamycin or TUDCA greatly ameliorates ER stress-mediated damage by inducing autophagy and reducing ER stress, respectively, leading to a hyperautophagic state. Thus, successful preattachment development in bovine embryos is highly dependent on the balance between ER stress and autophagy.
strong activation of autophagy shortly after fertilization seems to be required for alleviation of redox protein/maternal protein/ ER stress-mediated embryonic damage. To better understand the homeostatic interactions between oxidative stress and ER stress/autophagy, numerous studies have shown that redoxsensitive proteins such as mitogen-activated protein kinases (MAPKs) actively participate in the coupling of ER stress to autophagy [29] . While most previous studies have focused on the involvement of MAPKs, including ERK and p38 MAPK, in the ER stress-mediated induction of autophagy [17, 18] , recent evidence shows that the MAPK-dependent induction of autophagy contributes to the suppression of ER stress-mediated apoptosis [20] , suggesting that MAPKs are central regulators of the cooperation between ER stress and autophagy. Thus, we are presently trying to identify the MAPKs that control the connection between ER stress and autophagy in IVP bovine embryos, which will aid in the optimization of culture conditions for domestic early animal embryos.
Autophagy and ER stress are often considered to be regulators of apoptosis. In general, ER stress activates autophagy, which has been shown to both promote and inhibit apoptosis [30] . In cancers, basal levels of ER stress induce autophagy as a prosurvival mechanism, whereas prolonged or excessive ER stress can promote autophagy-dependent cell death [31] . This suggests that the homeostatic balance between ER stress and autophagy is important. Although autophagy has largely been studied in cancers, tumor therapy requires more knowledge regarding the activation and function of ER stress/ autophagy cascades. Several studies in mammalian embryos have shown that ER stress plays a negative role in preattachment development [7, 8] . However, the role of ER stress/ autophagy-dependent apoptosis in this process has not been thoroughly investigated. We previously demonstrated that blastomere apoptosis in cloned embryos is highly dependent on ER stress [14] . In addition, the present study showed that increased apoptosis in autophagy-inhibited embryos could be reversed by reducing ER stress (Fig. 6) . However, prolonged rapamycin treatment or exposure to a high dose of rapamycin can also trigger blastomere apoptosis (Supplemental Fig. S1 ), indicating that high autophagic activity has a negative effect on blastomere survival. These results led us to conclude that the regulation of apoptosis in IVP embryos is tightly associated with cooperation between ER stress and autophagic activity.
A final possibility arising from our results concerns the potential to improve developmental competence by fine-tuning autophagy and ER stress during early embryogenesis. Although long-term treatment with rapamycin promotes embryonic apoptosis, autophagy basically acts as a negative regulator of ER stress. ER stress-induced damage was greatly reduced by autophagic activity. Transient enhancement of autophagy by rapamycin and alleviation of ER stress by TUDCA may provide the foundation for an IVC strategy aimed at the production of IVP bovine embryos with high developmental competence. The current study further contributes to our understanding of an important developmental event during early mammalian embryogenesis.
